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Abstract 

We demonstrate efficient spin-polarized tunneling between a ferromagnetic metal and a ferromag- 
netic semiconductor with highly mismatched conductivities. This is indicated by a large tunneling 
magnetoresistance (up to 30%) at low temperatures in epitaxial magnetic tunnel junctions com- 
posed of a ferromagnetic metal (MnAs) and a ferromagnetic semiconductor (Gai-xMuxAs) sepa- 
rated by a nonmagnetic semiconductor ( AlAs) . Analysis of the current-voltage characteristics yields 
detailed information about the asymmetric tunnel barrier. The low temperature conductance- 
voltage characteristics show a zero bias anomaly and a ^/V dependence of the conductance, 
indicating a correlation gap in the density of states of Gai^xMuxAs. These experiments suggest 
that MnAs/ AlAs heterostructures offer well characterized tunnel junctions for high efficiency spin 
injection into GaAs. 
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Fundamental studies of spin-dependent transport and tunneling in metallic ferromagnetic 
heterostructures have been of critical importance to the development of metallic "spintronic" 
devices for high density information storage. The emerging interest in a semiconductor- 
based "spintronics" technology has now sparked substantial interest in studies of similar 
phenomena in semiconductor heterostructures. 0] An important hurdle in this context is the 
inefficient injection of spin-polarized currents from metallic ferromagnets into semiconduc- 
tors due to the large mismatch in conductivities. [|| This problem can be overcome by using 
either ferromagnetic semiconductors or highly spin-polarized paramagnetic semiconductors 
for spin injection. |^ An alternative solution uses spin-injection from a ferromagnetic metal 
via a tunnel barrier, so that the conductivity mismatch problem is essentially circumvented 
by the large contact resistance. While recent spin injection experiments involving both 
electrical and optical detection schemes suggest the successful demonstration of this 
concept, extrinsic effects can complicate the correct interpretation of these experiments. 0, ^ 
Rashba has proposed a more direct scheme for measuring spin injection through a tunnel 
barrier wherein one measures the tunneling magnetoresistance (TMR) between metallic 
ferromagnetic tunnel contacts that sandwich a semiconductor.]^] Here, one tunnel barrier 
serves as the spin injector and the second as the spin detector, and the physics is com- 
pletely analogous to that of a traditional magnetic tunnel junction (MTJ).[|I^] The fabrica- 
tion of high quality epitaxial metal/semiconductor/metal heterostructures needed for such 
a scheme presents a difficult materials challenge. For instance, even in the most successful 
examples of such epitaxial MTJs (MnAs/AlAs/MnAs), the magnetoresistance effects are 
small 

Here, we demonstrate efficient spin-polarized tunneling in a new class of "hybrid" epitax- 
ial MTJs comprised of a ferromagnetic metal (MnAs) and a ferromagnetic semiconductor 
(Gai_xMnxAs) separated by a nonmagnetic semiconductor (AlAs). In carefully designed 
heterostructures, we observe a significant TMR ranging up to 30% at low temperatures. 
Even with conservative estimates for the spin polarization in the ferromagnetic layers, this 
observation indicates highly efficient spin injection through the AlAs barrier, suggesting 
that MnAs/AlAs tunnel contacts offer an attractive scheme for spin injection into GaAs. 
Although the current experiment is limited to detecting spin injection at temperatures below 
the relatively low Curie temperature Gai^xMuxAs {Tc = 70K), the high Curie tempera- 
ture of MnAs {Tc = 320K) allows for future room temperature experiments in different 
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configurations. We note the low Curie temperature of tlie Gai_xMnxAs layer provides a 
built-in control experiment since we can measure the TMR in both the paramagnetic and 
ferromagnetic states of Gai_xMnxAs. 

It is also important to place the current experiments within the context of traditional stud- 



ies of MTJs. As is well-known, MTJs typically involve only metallic ferromagnets, ]TD[] and 
the physics is well-described by the "generic" Julliere model. [|T2[ More recent experiments us- 



ing ferromagnetic semiconductor MTJs||13|, |1J] have instead needed detailed band structure 



modeling to properly explain the tunneling. ||1 5|| Both these all-metal or all-semiconductor 
MTJs necessarily probe tunneling between materials with similar conductivity. In con- 
trast, the MnAs/AlAs/Gai_xMnxAs heterostructures studied here have conductivities dif- 
fering by roughly four orders of magnitude (~ l|lf2-cm for MnAs and ~10 mQ-cm for 



Gai_xMnxAs) . ITq, 17] These hybrid systems hence open up a distinct new class of MTJs 
and have the potential to yield qualitatively new insights into the physics of magnetic tunnel 



junctions. 18 



The MTJ samples are fabricated by MBE on p+-GaAs (001) substrates after the growth of 
a 40 nm-thick p-GaAs buffer layer. We have studied a wide variety of sample configurations 
that involve as components the materials GaAs, (Ga,Mn)As, (Ga,Al)As and MnAs, but 
focus here on a systematic set of 4 samples wherein Gai^xMuxAs (x = 0.03, thickness 
120 nm), GaAs(thickness 1 nm), AlAs (thickness (iAiAs= 1 nm, 2nm, 5 nm and lOnm), 
GaAs (thickness 1 nm), and MnAs (thickness 45 nm) are grown sequentially at 250°C. We 
note that - as in the case of Gai_xMnxAs/AlAs/Gai_xMnxAs MTJs [|l^ - the thin GaAs 
spacer layers placed between the ferromagnetic layers and the tunnel barrier appear to be 
crucial to the observation of distinct TMR characteristics. Reflection high energy electron 
diffraction measurements during the growth confirm the epitaxy of MnAs in the "type-B" 



orientation. |T9[ Standard photolithography and wet-etching techniques are used to define 
300 |im-diameter mesas for vertical transport measurements. Each mesa is etched down 
into the p-GaAs region, and the DC current-voltage characteristics of a mesa between the 
top MnAs layer and the back of the p-GaAs substrate are then measured using a four-probe 
method. These measurements are carried out in a continuous flow He cryostat over the 
range 4.2 K - 300 K with an in-plane magnetic field ranging up to 2 kG provided by an 
electromagnet; additional transport measurements down to 330 mK are carried out in a He 
3 cryostat with a superconducting magnet. Finally, magnetization measurements are carried 
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out on 10 mm^ pieces of the unpatterned wafer using a Quantum Design superconducting 
quantum interference device (SQUID) magnetometer. 

Figure 1(a) shows the magnetization hysteresis loop measured at 5 K for the sample with 
an AlAs barrier thickness (iAiAs= 5 nm. The magnetic field is applied along the easy axis of 
"type-B" MnAs which is parallel to [iTO] GaAs.|19|, Two distinct transitions at 20 Oe 



and 500 Oe indicate the switching of magnetization direction of Gai_xMnxAs and MnAs, 
respectively; the coercive field of the Gai_xMnxAs layer is more readily seen by chemically 
removing the MnAs layer (see inset to Fig. 1(a)). Figure 1(b) shows the TMR for all 4 
samples normalized at the high field value. A sudden resistance drop is clearly seen when 
the magnetic moment of MnAs changes its direction from antiparallel to parallel with the 
Gai_xMnxAs magnetization. We note that the TMR appears to show a non-monotonic 
dependence on the AlAs barrier thickness c^aias; with a striking effect of around 30% for the 
sample with (iAiAs= 5 nm. The broad increase in background resistance coupled with the 
rotation of Gai_xMnxAs magnetization direction is probably due to the large difference in 
the magnitudes of magnetic moment. 

The interpretation of these results is quite straightforward in analogy with metallic MTJs: 
when the two ferromagnetic layers are magnetically aligned the tunneling probability is larger 
than when they are anti-aligned. Quantitatively, the change in the tunnel resistance is given 
by 0: 

Rp {I-PgPmV ^' 

where Ra and Rp are the junction resistances with antiparallel and parallel moments, 
Pg and Pm are the spin polarizations of Gai_xMnxAs and MnAs respectively. Hence, if the 
spin polarizations Pq and Pm are known, we can estimate the efficiency of spin polarized 
injection through the tunnel barrier as a ratio of the observed TMR to the ideal TMR 
predicted by the above equation. While direct measurements of Pg and Pm are not available 
at present, band structure calculations predict 100 % spin-polarization in Gai-xMuxAs with 
X > 0.125 |21| and for (hypothetical) zinc-blende MnAs.|2^ However, when MnAs is in the 
NiAs structure, it is not half-metallic and the theoretical value of the spin polarization is 



about 0.3.||23| If we assume that the half-metallicity of Gai_xMnxAs holds down to x = 0.03 
(i.e. Pg = 1), the TMR observed in our measurements is close to 40 % of the ideal TMR. 
We emphasize that this is a very conservative estimate since the bulk magnetization of 
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Gai_xMnxAs[p^ is far less than 4|a,^ expected for a half-metallic system. We can rule 
out spurious effects that might artificially enhance TMR in our measurements. First, the 
magnetoresistances of individual MnAs and Gai_xMnxAs layers are smaller than 0.5 % for 
the field range shown in Figure 1(b). Further, the systematic variation of the TMR with 
barrier thickness rules out possible effects of fringe fields due to the nearby MnAs layer on 
Gai^xMuxAs. We now focus on the sample with c/aias=5 nm in order to examine the physics 
of these MTJs in some depth. 

Unlike the case of all-metal MTJs, where there is a negligible change in magnetization 
with temperature, the magnetization and hence the spin-polarization of Gai-xMuxAs de- 
pend strongly on temperature. Figure 2(a) shows the temperature dependence of the TMR 
along with that of the bulk magnetization. Both disappear at the Curie temperature of 
Gai_xMnxAs (around 70 K). The figure also shows that the temperature dependences of 
the TMR and the magnetization are quite different. We propose two possible explana- 
tions for this difference: it may be related to the faster decay of surface magnetism, as 
is found in other half-metallic systems, |P5|| or it may indicate that the spin polarization 
in Gai^xMuxAs is not directly proportional to the magnetization. This correlation of the 
TMR with Tc is a unique feature of these junctions where one can probe both ferromagnetic 
and paramagnetic states by changing the temperature. 

The voltage dependence of the TMR at 4.2 K is shown in Fig. 2(b), along with the I-V 
characteristics at the same temperature. We observe a very rapid decay of the TMR at volt- 
ages as low as 100 mV. Although the behavior resembles that of metallic MTJs, the relative 
scale of the voltage is much smaller in these hybrid MTJs. [|l^ The decrease in the TMR with 
voltage may be attributed to the influence of the electric field upon the tunnel barrier, |]26[ 



and implies low barrier heights for the semiconducting AlAs spacer compared to typical 
insulating AI2O3 spacers in metallic MTJs. Detailed information about the barrier can be 
obtained through the analysis of conductance-voltage (G-V) curves. Figure 3 shows the G-V 
characteristics measured at zero magnetic field for several temperatures between 4.2 K and 
240 K. The large change of G with voltage, especially at low temperatures, again indicates 
low barrier heights. A distinct zero bias anomaly develops below the Tq of Gai_xMnxAs, 
suggesting a small energy gap around the Fermi energy. |T^ Another noticeable feature is 
the asymmetry in the G-V curves: the conductance under positive bias (wherein the MnAs 
is at a higher potential) is larger than that under negative bias, and - at temperatures above 
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the Curie temperature of Gai_xMnxAs - the minimum conductance occurs away from zero 
bias. A full analysis of the G-V characteristics below the Tc of Gai_xMnxAs is not possible 
because the detailed valence band structure of this material is presently not known from 
experiment. Instead we focus on the G-V characteristics above Tq where the conductance- 
voltage curves are parabolic within the voltage range ±40 mV (see for instance the data for 
T > 120K in Fig. 3). 

The asymmetric shape and the occurrence of minimum conductance at a finite voltage 
lead us to apply the Brinkman-Rowell-Dynes (BDR) tunneling model that was originally 
developed to calculate the tunneling across metal-insulator-metal junctions with different 



barrier heights at the interfaces. Although Gai_xMnxAs is not a metal, the BDR model 
is still applicable for voltages less than the Fermi energy of Gai_xMnxAs (0.16 eV if we 
assume a hole density of 1 x 10^° cm~^). A best fit to the BDR model - shown for the data 
at 120 K in Fig. 3 - allows us to extract the barrier heights at the MnAs/AlAs interface 
(0i) and the Gai-xMuxAs/AlAs interface (02), as well as the barrier thickness (c?aias) (see 
the inset of Fig. 3). 

The best value for 0i is 0.15 ± 0.01 eV, which is much smaller than that obtained (0.8 



eV) in studies of MnAs/AlAs/MnAs MTJs grown on (111) GaAs.pT| This discrepancy can 
be attributed to the different orientation of MnAs growth or to a subtle change at the 
interface. PS[ We note that measurements of Fe/GaN/Fe MTJs grown on (001) GaAs yield 



a small barrier height (0.11 eV), comparable to our results. I^Pj A simple estimate of 02 is 
given by the difference between the known AlAs-GaAs valence band offset (0.55 eV) and the 
Fermi energy of Gai_xMnxAs (0.16 eV). Our result from fitting the data (0.40 iO.OleV) is 
close to this estimate (0.39 eV). Equally good agreement is found for the barrier thickness: 
we determine (iAiAs= 6.7 ± 0.1 nm assuming light hole states participate in the tunneling 
through AlAs, while (iAiAs= 4.4 ±0.1 nm assuming heavy holes. It is quite possible that a 
mixture of light and heavy holes may provide a better description of reality, consistent with 
the designed AlAs thickness (5 nm). The successful application of the BDR model implies 
that the conduction is indeed due to tunneling processes. 

The development of a zero bias anomaly below the Curie temperature of Gai_xMnxAs de- 
serves further attention, since it may help in understanding the electronic structure of 
Gai_xMnxAs at the Fermi energy. Figure 4(a) shows the conductance dip in the low 
bias conductance curves for parallel and anti-parallel spin orientations. As expected, the 
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zero bias anomaly becomes more pronounced as the temperature is lowered from 4.2 K to 
330 mK. Since Gai_xMnxAs is known to exhibit a metal-insulator transition, we analyze 
the behavior of the conductance-voltage characteristics within the context of early studies 
of disordered systems with a metal-insulator transition. PO, ^^ On the metallic side of the 



metal-insulator transition, the one-electron density of states at the Fermi energy {N{E)) can 
be calculated using a scaling model that includes localization, correlation, and screening, 
and is given by:[^ 

N{E) = NiO)[l + {E/AY/% (2) 

where the correlation gap A is a measure of the screening length. As shown in Fig. 4(b), the 
conductance in the MTJs studied here is indeed proportional to V^^'^ except at the lowest 
bias where it is affected by thermal broadening. Since the conductance is proportional to 
N[E), a linear fit to the data in Fig. 4(b) yields A =5.7 meV and A =3.0 meV for parallel 
and anti-parallel configurations, respectively. Surprisingly (and perhaps co- incidentally), 
these values of the correlation gap in Gai_xMnxAs are consistent with those extracted from 
studies of granular aluminum tunnel j unctions |Q in the regime wherein the Al conductivity 



is comparable to that of Gai_xMnxAs. 

In summary, we have shown that hybrid MnAs/AlAs/Gai_xMnxAs magnetic tunnel 
junctions provide an excellent model system for studying spin injection from a ferromag- 
netic metal into a semiconductor. This is enabled by the observation of a large TMR whose 
magnitude tracks the magnetization of the Gai_xMnxAs layer. Modeling of the I-V charac- 
teristics at temperatures above the Curie temperature of the Gai_xMnxAs layer allow us to 
understand the nature of the barrier in great detail. Furthermore, analysis of the zero bias 
anomaly in conductance-voltage measurements shows a clear V^^'^ variation of the density 
of states, indicating strong electron correlation effects in Gai_xMnxAs . 
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Figure Captions 



FIG. |1]: (a) Magnetic hysteresis loops at T = 5 Kfor a MnAs-Gai_xMnxAs liybrid junction 
and for tlie same sample after the MnAs layer is removed. The transition of Gai_xMnxAs is 
broadened by the adjacent MnAs layer, (b) Magnetoresistances of hybrid junctions with 
different AlAs barrier thickness (T = 4.2 K). The curves are shifted for clarity. 

FIG. ^ (a) Temperature dependences of Gai„xMnxAs magnetization at 50 Oe and TMR 
measured with / = lOOflA for a junction with (iAiAs= 5 nm. (b) I-V characteristics and 
voltage dependence of TMR for the same junction at 4.2 K. 

FIG. § Zero field conductance curves of the junction used in Fig. 2 at selected tempera- 
tures. T = 20, 40, 60, 80, and 100 K for the curves between 4.2 K and 120 K. The dashed line 
superimposed on the 120 K data is a fit to Brinkman-Dynes-Rowell model over the range 
±40 mV (see text). The inset shows the schematic diagram of the model. 

FIG. ^: (a) Low bias conductance curves for the same junction as in Figs. 2 and 3 ((iAiAs= 
5 nm) for parallel and antiparallel magnetization directions. The zero-bias anomaly is more 
pronounced at 330 mK. (b) The data in Fig. 4(a) plotted as a function of V^l'^ . Linear fits 
(solid lines) are used to extract the correlation gap (see text). The deviation at low bias is 
due to thermal broadening. 



